Abstract --A new model for the description of the structural disorder in natural kaolinite materials is proposed, based on the stacking of two 1:1 layers and their enantiomorphs, and encompassing previously proposed models. The layers, where randomly stacked along the c axis (using probabflistic functions nested in recursive algorithms), correctly describe the observed powder diffraction patterns of natural kaolinites with any density of structural faults. The proposed model was evaluated using electrostatic energy calculations against earlier models of disorder based on layer shift, layer rotation, statistical occupancy of the A1 octahedra, or enantiomorphic layers. The present 4-layer model has a minimum of potential energy with respect to the previous models. As expected, the fully ordered triclinic structure of kaolinite possesses the absolute minimum of potential energy.
INTRODUCTION
At present (a) there is no general model to describe the structure disorder in kaolinite, (b) the widely used empirical disorder indices, such as the Hinckley index, bear little relationship to the structural description of stacking disorder, and (c) proposed models of stacking disorder have not been compared with electrostatic energy calculations. These latter calculations were limited to the understanding of the hydroxyl crystal chemistry and bonding in the fully ordered structure (Giese 1982 , Collins and Catlow, 1991 , Bleam 1993 .
We present here the results of computer simulations of X-ray diffraction powder patterns of kaolinites, using a general recursive algorithm applied to a new structural model of the stacking disorder. The simulations are compared to experimental powder diffraction patterns of natural kaolinites, and are shown to describe correctly the diffraction profiles ofkaolinites with widely different fault densities. The technique is based on a rigorous recursion model, and it is of simple and general application. The proposed structure model is supported by the results of energy calculations.
Kaolinite, A12Si2Os(OH)4, is a dioctahedral 1:1 layer aluminosilicate (Bailey 1980 , Giese 1991 , with one sheet composed oftetrahedrally coordinated Si and one sheet of octahedrally coordinated A1, with only 2/3 of the octahedra being occupied in an ordered or a statistical way. The 1:1 layer has a triclinic distortion, due to the atom relaxation around the vacant aluminum site (usually denoted as the B-site). The non-hydrogen atom positions obey lattice C-centering (Adams 1983, Suitch and Young 1983 , Thompson and Withers 1987, Copyright 9 1995, The Clay Minerals Society Young and Hewat 1988 , Bish and Von Dreele 1989 , Collins and Catlow 1991 , Bish 1993 ) with space group C 1 for the unit triclinic layer. Atomic positions from Bish and Von Dreele (1989) were used, yielding a simulated X-ray powder pattern in perfect agreement with the most ordered known natural kaolinite, the sample from Keokuk, Iowa (Bish and Von Dreele 1989 , Giese 1991 , Bish 1993 ).
EXPERIMENTAL PROCEDURES

X-ray powder pattern: experimental profiles
Two natural kaolinite samples were selected because of their purity and because they represent well-ordered and poorly-ordered materials. The "ordered" kaolinite (KAOSAR) is from a 6 cm thick vein of hydrothermally recrystallized pure kaolinite from Casa Locchera, Nuraghe Mandras sas Ebbas, Sardinia, Italy (Coulon 1971) . It is purer and more "ordered" than Clay Minerals Society Standard KGa-1 (Van Olphen and Fripiat 1979) . The "poorly-ordered" specimen is the Clay Minerals Society Standard KGa-2 from Warren County, Georgia (Van Olphen and Fripiat 1979) . It contains minor amounts of anatase.
The two powder specimens were analyzed for grainsize distribution using laser diffraction (Fritsch Particle Size Analysette 22). Both samples have a bimodal distribution, with grain-size peak maxima at 5 and 15 ~m. The two powder samples were then side-loaded in an aluminum holder, and the X-ray powder diffraction data ( Figure 1 ) were collected on a Philips goniometer using graphite monochromatized CuKa radiation, a Bragg-Brentano parafocussing geometry, a step/scan mode with 0.02 *20 steps, a counting time of 10 sec/ step, and a 5-50 *20 range.
X-ray powder pattern: simulated profiles
The program DIFFaX (Treacy et al 1991) is based on a rigorous recursion method for the generation of random stacking sequences modelling the presence of planar fautts. The method exploits the self-similar stacking sequences occurring in a non-deterministic layer stack, so that the recursive relations between the average interference terms from a statistical crystal are solved as a set of simultanous equations. The method is formally equivalent to previous mathematical treatments such as the Hendricks-Teller matrix formulation and its developments (Hendricks and Teller 1942 , AIlegra 1964 , Kakinoki and Komura 1965 , the series summation formula (Cowley 1976) , or Michalski's recurrence relations between average phase factors (Michalsky 1988) . The program allows the calculation of the incoherent sum of scattered intensities from a finite ensemble of layers stacked along a direction, and the stacking can be described in terms of the probability of any sequence of layers. The full description of disorder in each simulation implies a square probability matrix of order n (with n equal to the number of crystallographically distinct layers), where each element M~ refers to the probability of stacking layer j over layer i in the sequence. From the hierarchical tree of probabilities due to the nested recursion we can compute the probability (P~) of finding a single layer in the crystal ensemble, and the total density of stacking faults in the sequence (P~).
As an example, for a crystal composed of three layers (H, K, and L) having a probability matrix we have that layer H has probabilities Man = 0.50, MHK = 0.25, and MrXL = 0.25, of being followed by an H, K, or L layer respectively. Furthermore, in the final ensemble of crystallites we will find statistically each layer with probabilities close to PH = 0.33, PK = 0.33, and PL = 0.33, and if we refer to the unfaulted crystal as having Pd = 0.0, then we have in our sample a total of Pd = 0.50 of disordered sequences.
For kaolinite, we interpret the statistical probability indicated by each matrix element as related to the crystallochemical probability of faulting in the structure, so that the M~ values have direct control on the final density of planar faults in the crystal. Therefore, by gauging the matrix elements, we can control the interaction probability between any two layers in the structure, and at the same time evaluate the final density of stacking faults in the crystalline ensemble. To adapt the structure to this statistical treatment, the unit layer must be orthogonalized along the stacking direction, and the modified (i.e., shifted, rotated or enantiomorphic) layers must be defined crystallographically with the appropriate transformation matrices.
The computer simulation of kaolinite is developed in several steps. First, we describe the triclinic layer unit of kaolinite using z orthogonal to the at) plane to describe any layer stacking, shift or rotation easily. We then determine that the ordered structure is correctly described in the pseudo-monoclinic coordinate system, by comparing the diffraction profile from DIFFaX with other programs (Larson and Von Dreele 1993) . AU simulated diffraction patterns are in the range 5-50 "20, employ CuKa radiation, and utilize a pseudo-Voigt function to describe the intensity distribution of the Bragg peaks due to instrumental and sample effects.
We then introduce the simulation of structural disorder of kaolinite using previously described models (e.g., see Brindley 1980 and Tchoubar 1990 ). Classical models of stacking faults in kaolinite are based on _+b/3 layer shifts (Plan~on and Tchoubar 1975) , _+ 120 ~ layer rotations (Plan~on and Tchoubar 1976) , or displacement of A1 vacancies (Plan~on and Tchoubar 1977b) over the three octahedral sites (labelled A, B, or C in the notation of Bailey 1963) . Note that the vacant octahedral site in each layer is laying on the pseudo-mirror plane, and it is referred here as the B-site; the layer with the A and C positions occupied and the B position vacant is referred to as the B-layer. We calculated the pattern relative to each simple model, and for each model we applied different densities of stacking faults. Table 1 . Vertical axis is in arbitrary units.
3. Patterns 2d and 2e have a total disorder of Pd = 0.50, and contain contributions from only b/3-displaced and only 2b/3-displaced layers, respectively. Figure 3 shows the patterns resulting from simulation of disorder due to layer rotation, and Figure 4 shows the patterns resulting from the displacement of A1 vacancies in A-, B-, and C-layers. Table 1 lists the detailed model for each powder pattern simulation. More complex models of structure disorder are described also in the same Table, they are discussed below. Our simulated patterns agree well with those of Plan~on and Tchoubar (Plan~on and Tchoubar 1977a , Plan9on 1981 , Drits and Tchoubar 1990 , which are based on the matrix method (Kakinoki and Komura 1965) . For example, our Figure 3d is identical to Figure  7 of Plangon and Tchoubar (1977b) . There are, however, advantages in using DIFFaX. First, the scattering 
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Simulated X-ray powder diffraction profiles for Figure 3 . kaolinite assuming the rotational model. Details of the models for patterns 3a-3c are listed in Table 1 . Vertical axis is in arbitrary units. Table 1 . Vertical axis is in arbitrary units.
contribution is calculated for the whole spectrum, whereas their model involves a scattering contribution from select regions of reciprocal space. The scattering due to the basal (001) planes is evident in our computed profiles, but absent in their spectra, and it must be added aposteriori. Moreover, the total density of stacking defects in the sample is readily evaluated from our stacking probability functions, whereas each of their fitted parameters has a different structural significance and depends on specific regions of the diffraction pattern (Plan~on and Zacharie 1990) . The main limitation of our technique for the direct characterization of natural samples is the present inability to minimize the discrepancies between observed and calculated powder profiles.
Electrostatic energy calculation: theory
Energy calculation for kaolinite in the past used semiempirical methods, treating the structure as an ideal ionic solid (see reviews by Giese 1982 and Bleam 1993) and were devoted to interlayer bonding and hydroxyl orientation in the structure. Hess and Saunders (1992) , using the ab initio Hartree-Fock method to define hydroxyl positions, is one of the few quantum-mechanical calculations on layer silicates. We apply below purely electrostatic semiempirical potentials to the energy calculation of kaolinite, to compare the relative stability energies of the models proposed for the description of the stacking disorder.
We used the method of Collins and Catlow (199 I) , where the oxygen-hydrogen interaction in the hydroxyl groups is described by a Morse-type model and all the other interactions are treated by purely Coulombic potentials, making use of fractionary charges for the atoms of the hydroxyl groups, and of formal charges for other atoms. The reciprocal lattice sum is based on the Ewald method (Bertaut 1952) . The hydroxyl orientations in each layer are fixed according to the results of Collins and Catlow (1991) , and the coefficients of the interatomic potentials were used in the program ENE (Catti 1978) to obtain values for the total energy of the disordered structures. Statistical sequences were approximated by supercells having c' = nc, where c is the 1:1 layer thickness. The integer n varies depending on the stacking sequence of the disorder model considered. The deterministic structural sequence defined for the energy calculations is not directly comparable to the statistical one produced by the recursive DIFFaX method, but the results are meaningful for a general comparison among the models. The transformation matrices used in the powder pattern simulation to generate the shifted, rotated, and enantiomorphic layers, originating from the l:l layer, were applied rigorously to define the super-cells of the energy calculations.
The results are listed in Table 2 , reporting the supercell and the energy values referred to single atoms for each model.
RESULTS AND DISCUSSION
Simulations of earlier models for kaolinite disorder
The simulations of the X-ray powder patterns resuiting from the simple models of structural disorder (Figures 2-4) indicate that these are inadequate to describe the faulted nature of kaolinite materials. This was discussed earlier (Plangon and Tchoubar 1975 , 1976 , 1977b , Drits and Tchoubar 1990 ). These models were generally based on the idealized (undistorted) layer of kaolinite, and nearly all previous simulations considered only select regions of the profiles.
The present simulation of the profiles in the 20 = 5-55* range, based on the triclinic distortion of the 1:1 layer, allows us to obtain detailed information about each model. Clearly, from patterns 2d and 2e (Figure 2 ), b/3 and 2b/3 (or -b/3) shifts are not equivalent due to the different number of A1 cations facing Si atoms in the next layer, even if they were considered as such in earlier models (Brindley and Robinson 1946, Brindley 1980) . Furthermore, none of the modulations produced by the two models on the diffraction band in the angular range 20-24 *20 (commonly referred to as the (02, 11) band) reflects the observed modulation of the diffraction patterns of natural samples. The inadequacy of the linear translational model was discussed on the basis of electrostatic arguments by Newnham (1961), Giese (I 982), and Drits and Tchoubar (1990) .
Also the simulations involving rotational disorder (Figure 3 ) clearly show that 120 and 240* rotations yield different stacking sequences if based on the triclinic layer. The simulated patterns involving rotational disorder are not appropriate to describe natural kaolinite, due to lattice misfit between adjacent layers produced by rotation around the center of the pseudohexagonal ring of tetrahedra. The rotational model is strictly applicable only to idealized layers having hexagonal or ditrigonal symmetry, since 1:1 layers with triclinic distortions produce lattice incommensurability (Plan~on and Tchoubar 1976, Drits and Tchoubar 1990) .
The model involving fixed kaolinite layers with displacement of the Al vacancies over the octahedral sites, introduced by Planqon and Tchoubar (1977b) as a compromise between the two preceding models, has several problems. The model ignores layer relaxation around the vacant octahedral site, and Figure 4 clearly shows that the model does not account for the observed modulation of the (02,11) band even with a density of stacking defects as high as Pd = 0.67. This is particularly evident in the region around 21 020, where all the simulations in Figure 4 show the well defined (111) and (i 11) doublet, which is not observed in defect-rich kaolinites. Interestingly, this model implies ordered sequences of dickite in the kaolinite crystallites, by incorporation of domains of B-, and C-layer alternation (Brindley 1980) . Although this dickite-kaolinite intergrowth has found support from infra-red studies (Brin- Figure 5 . Simulated X-ray powder diffraction profiles for kaolinite assuming the models with enantiomorphic layers. Details of the models for patterns 5a-5c are listed in Table  1 . Vertical axis is in arbitrary units.
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dley et al 1986), the X-ray diffraction patterns based on this model do not account satisfactorily for the observed powder patterns of natural kaolinites (Drits and Tchoubar 1990) . Furthermore, the model (Plan~on and Tchoubar 1977a, Plan~on 1981 ) is relatively unsensitive to the fine details of the observed powder spectra, since it produces the same simulated bands using different sets of stacking variables (Plan~on and Tchoubar 1977b, Tchoubar et al 1982) .
The pseudo-mirror plane in the layer can result in a different kind of stacking fault, induced by the succession of two triclinic layers related by the mirror plane. The two layers are enantiomorphs of each other, and the stacking fault may be regarded as the intergrowth of left-and right-handed kaolinite forms. This model, introduced by Bookin et al (1989) , produces only minor perturbations to the electrostatic energy interaction between layers, and produces the X-ray diffraction modulations in the (02, 11) band rather well. Figure 5a is based on the enantiomorphic model with a total density of Pd = 0.50 of stacking between the two layers. The enantiomorphic B-layer is obtained through 60 ~ rotation of the (100)-reflected layer. As noted by Bookin et al (1989) these stacking faults have major effects on the (02, 11) diffraction band, but leave almost unaltered the Bragg peaks in the region 34-40 020 (commonly labelled the (20, 13) band), which in diffraction patterns of natural kaolinites is also affected by broadening and modulation effects. This is the reason for the insertion of stacking faults due to C-layers in the model formed by enantiomorphic layers . As noted previously, the effect on the diffraction pattern due to the additional C-layer approximates the effect due to _+b/3 shifts. This latter model is complex but applied with some success to the quantification of defects in natural kaolinites (Planqon et al 1989) . This model is used in powder patterns 5b and 5c ( by using total stacking densities OfPd = 0.67 and Pd = 0.90, respectively. The sequence, as originally proposed, has high probability of transitions between the normal B-layer and the enantiomorphic or the C-layer to simulate a total high density of faults, but at the same time it has low probability of transitions between two C-layers and of ordered B-C sequences, in order to eliminate the possibility of extensive domains of ordered kaolinite and/or dickite in the crystallites. This is the physical interpretation of the matrix coefficients we introduced for model 5c (Table 1) .
Improved model for kaolinite disorder
As shown in Figure 5 , the model for kaolinite disorder involving B-enantiomorphic and C-layers represents a remarkable improvement in the simulation of kaolinite diffraction patterns. The model also suggests that both the C-layer and its enantiomorph coexist. Since the succession of the B-layer and its enantiomorph is energetically reasonable, as discussed below, it follows that the succession of the C-layer and its enantiomorph may similarly exist. Moreover the stacking ordered sequences of B-enantiomorphic and C-enantiomorphic layers physically represent domains of "monoclinic" kaolinite, much like the ordered sequences of B-layers and C-layers.
The model we present is based on four structurally distinct layers (Figure 6 ). It makes it possible to simulate an ensemble of kaolinite crystallites with any total density of stacking defects. Furthermore, by varying the matrix probability coefficients, the physical significance of the statistical layer sequence may be controlled. For example, we might assume that the transitions between the B-layer and its enantiomorphic (or between the C-layer and its enantiomorphic) are more energetically favoured than the B-layer C-layer transitions. Thus, whenever a C-layer occurs, it should be followed by a B-layer rather than another C-layer, as discussed above. Some X-ray powder pattern simulations based on the 4-layer models are shown in Figure   5 10 15 Figure 7 . Simulated X-ray powder diffraction profiles for kaolinite assuming the 4-layer model. Details of the model for patterns 7a-7e are listed in Table 2 . Vertical axis is in arbitrary units.
7, with matrix coefficients relative to each profile and other relevant parameters listed in Table 3 . Note that the model can adequately describe kaolinites with any density of defects: pattern 7e represents a defect-free material, and it is nearly identical with the observed diffraction pattern of the Keokuk kaolinite reported by Bish and Von Dreele (1989) ; patterns 7a-d show the effect produced by the decreasing amount of total stacking faults on the scattering profile. The Hinckley indices (Brindley 1980 , Plan9on et al 1988 calculated for these simulated patterns show that there is a near linear relationship between this empirical parameter for kaolinite "crystallinity" and the density of stacking faults in the structure, as evaluated from the probability matrix (Figure 8 ). Note also that the intensity degradation is evident on every non-basal Bragg peak in the pattern, in agreement with the features of observed patterns, and the broadening effects are not limited to selected portions of the profile. In addition to peak broadening, there is also a substantial background modulation which is proportional to the number of stacking defects. This is also evident in most observed X-ray patterns of kaolinites, and it is due to incoherent scattering. All fine features of the experimental patterns are satisfactorily simulated by the 4-layer model, especially the slight shifts of certain reflections (i.e., (] 10) and ('El 1)), which are critically dependent on the average lattice symmetry and on the relative amount of C-and C-enantiomorphic layers. The models of disorder which best describe the KAOSAR and KGa-2 kaolinite samples were obtained by changing the layer stacking probabilities stepwise, and by comparing the profile agreement factors (Rwv = (ZW(Io -Ir between the observed and calculated profiles in the profile regions affected by disorder (19.5-25 ~ 34--42 ~ and 45-50 ~ The simulated profiles shown in Figure 9 yield Rwp = 0.45 and R~ = 0.49 for KAOSAR and KGa-2 respectively. The densities of stacking defects derived from the probability matrix of the best-fit models are: Pd ----0.14 for KAOSAR and Pd = 0.50 for KGa-2.
The instrumental profile shape and the background functions have not been refined, and this is reflected 
Comparison of electrostatic energy calculations
A comparison of the normalized energy values in Table 2 shows that the ordered triclinic kaolinite structure is the more energetically stable. The fact that natural kaolinites commonly show a high degree of disorder clearly indicates that most samples are metastable with respect to the fully ordered structure.
Models with displacements of octahedral A1 vacancies have inconsistencies relating to the lack of relaxation around the vacant sites, and the interatomic distances involve improperly distorted sites. Relaxation effects may result in significantly different energy values. The models involving shifts or rotations show significant deviation from the energy minimum and are less favoured models. Among the models containing enantiomorphic layers, the one with the 4-layer sequence shows the lower energy minimum. Calculations involving a 4-layer model with different sequences of the layers did not result in significant variations of the total energy. Thus the 4-layer models are energetically favoured with respect to any model of stacking disorder based on three kinds of layers.
SUMMARY
We introduce a model for structural disorder in kaolinite based on four crystallographically different unit layers. The model is supported by the results of electrostatic energy calculations. Using a recursive technique, the model successfully describes the scattering modulations observed in natural kaolinites having different densities of stacking defects.
The proposed model has several advantages: (a) it includes all previously proposed models of kaolinite disorder which have physical and crystallographic significance; Co) it is very flexible and allows description of different kinds of faulting at the same time, including enantiomorphic distortions and displacement of octahedral Al vacancies; (c) it reproduces the observed X-ray powder diffraction patterns of any natural ka-olinite, from defect-free to highly-faulted materials; and (d) it allows a straighforward qualitative and quantitative interpretation of the total density of stacking faults in the crystallite ensemble.
